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PREFACE

The Mathematical Physies Branch/Mission Planning and Analysis Division has the
responsibility to provide the functional ground navigation software formulation
requirements for the Mission Control Center (MCC) low-speed processing phases
during Operations Project Shuttle (OPS).

The ground navigation software formulation requirements are logically organized
into volumes. This organization is presented in the accompanying table. The ma~
terial in each volume presents the level C formulation requirements of the
processors and modules required to process low-speed tracking data and perform
orbit determination and other navigation related computations. Each volume de-
scribes the formulation requirements of the identified processor or module
specified in the OPS MCC Ground Navigation Program Level B Software document
(ref. 1). The inputs and outputs required to accomplish the functions described
are specified.
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OPS MCC GROUND NAVIGATION PROGRAM LEVEL C SOFTWARE REQUIREMENTS

ORBIT DETERMINATION PROCESSING FORMULATION DOCUMENT

I Introduction and Overview

1T Low-Speed Input Processor (LSIP)

III ’ Bias Correction Processor (BCP)

IV ‘ Data File Control Processor (DFCP)

v Orbit Determination Executive (ODE)
VI Convergence Processor (CP) |
VII Differential Correction Module (DCM)
VIII Data Editing Processor (DEP)

IX Covariance Matrix Processor (CMP)

X State Transition Matrix Module (STMM)
X1 Observation Computation Module (OCM)
XII Measurement Partial Derivative Module (MPM)
X111 Residual Computation Processor (RCP)
XIv Display Processor (DP)
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1.0 CORRELATION TO LEVEL B

This document presents the level C software requirements that satisfy the level
B software requirements specified for the observation computation module (OCM)
in the following sections of JSC IN 77-FM-57 (ref. 1): sections 5.9, 6.0 (fig.
6-8), 7.2.8, and 8.3.8.

2.0 GENERAL DESCRIPTION

The navigation tracking data observations to be used in the Shuttle OPS ground
navigation programs are derived from electromagnetic signals. An electromag-
netic signal is sent from a ground transmitter to a spacecraft, either directly
or via a relay satellite, where it is retransmitted and subsequently received at
a ground receiving station. All observations (or measurements) are related to
the characteristics of this received electromagnetic signal; i.e., the angle of
the incoming signal, the ratio of the received to the transmitted frequency, or
the round-trip signal transit time. The actual measurements of these quantities
are referred to as the "observed" data.

The OCM is used to compute estimated, refraction corrected, data measurement
values and to calculate tracking data residuals (observed values minus computed
values) for use in the differential correction module (DCM) and the residual com-
putation processor (RCP). All computed measurement values are based on a user-
specified dynamic model and either a user-specified input vector or the current
orbit determination solution vector. The measurement values are computed at
times corresponding to the actual data measurement times at the ground receiving
station.

The OCM is required to compute estimated measurement values for angular, range,
and Doppler data. The angular data type includes angle pairs for three types of
antenna mounts (azimuth/elevation; X/Y with the X-axis oriented east/west; and
X/Y with the X-axis oriented north/south). The range data type includes radar
bounce (skin track), C-band beacon, S-band sidetone (for direct tracking), and
S-band or Ku-band PN ranging (for TDRS tracking data relay satellite relay
tracking). The Doppler data types include S-band direct, and S-band and Ku-band
relayed Doppler.

The first step in the measurement computation process is to use a light time
algorithm to compute the times of signal transmission and the positions and
velocities of the ground stations and spacecraft involved in the round-trip sig-
nal path. These computations are performed in the Aries mean-of-1950 (M50)
Cartesian coordinate system.

The next step is to rotate the M50 receiving station vector to the topodetic co-
ordinate system at the ground station and compute the angle measurements and
refraction corrections. The range measurement, in terms of total round-trip sig-
nal-path length, is computed and corrected for refraction effects. Finally, the
Doppler measurement is computed and corrected for refraction effects.

The residual is then calculated. If an angle residual is involved, a quadrant
test is made and, if required, the computed measurement is adjusted to corre-
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spond to the convention used for angular data measurements. If a range residual
is involved, a test is made, and if required, corrections are applied to the
computed measurement to resolve range ambiguity interval problems.

Each of the major functions of the OCM is described in section 3.0. The se-
quence of mathematical computations and overall logic flow for this module is
presented in flow chart OCM of appendix A. The coordinate systems used in the
OCM are defined in volume XIV of these requirements.

3.0 FORMULATION OF EACH FUNCTION

The general organization of these formulations is indicated by the headings of
the major subsections as follows:

3.1 RANGE MEASUREMENT MODELS

3.2 DOPPLER MEASUREMENT MODELS

3.3 ANGLE MEASUREMENT MODELS

3.4 LIGHT TIME ALGORITHM

3.5 REFRACTION CORRECTION MODELS

3.6 ‘M50 to ENU TOPQDETIC TRANSFORMATION
The first three subsections give the complete formulations for the models of the
radar measurement types. These models make repeated use of a light time
algorithm (formulated in section 3.4) and employ refraction correction models
(formulated in section 3.5). In addition, sections 3.3 and 3.5 make repeated
use of a transformation of station-centered relative vectors (in M50
coordinates) to ENU topodetic coordinates. This transformation is formulated in
section 3.6. ,
3.1 RANGE MEASUREMENT MODELS
Two general forms of the range measurement model will be given:

Direct range measurement (IDOP = 0)

Direct range includes skin track ranging, C-band beacon ranging, and
S-band sidetone ranging.

Relay range measurement (IDOP = 1)
Relay range (for TDRS relay tracking) includes S-band and Ku-band PN

ranging for both two~way/three-way and hybrid-relay tracking
configurations.
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In both cases, the computed range is the total signal path distance, from trans-
mitter to receiver, corrected for tropospheric refraction. In the case of relay
range, this distance is computed modulo the ambiguity interval (PN code length)
S0 as to make it comparable with the radar observation.

Signal-path configurations for direct range and relay range are shown in figures
1T and 2. A summary table that defines each of the participating points along
the signal path and the point index notation convention is given in light time
algorithm (sec. 3.4).

Input parameters required for the range measurement models are listed as
follows:

IDOP = Flag that defines tracking configuration
0 = Direct tracking; 1 = Relay tracking
tg = Range measurement time

GRNG = Range observation
Agp = Range ambiguity interval (IDOP = 1 only)
Inputs required for light time algorithm:

These parameters are defined in detail in section 3.4. They are summarized
for reference as follows:

Receiver location parameters

(Ag, rgr» Zgrs» 9pr)
(A, rgy» Zgx» bpy) = Transmitter location parameters
EPH (I) = Nine-point ephemeris tables (I = 1,2,3)

Inputs required for refréction correction model:

These parameters are defined in detail in section 3.5. They are summarized

for reference as follows:

NR = Refraction modulus at receiver

Hp = Scale height for receiver
Ny = Refraction modulus at transmitter
Hy = Scale height for transmitter

REFIND = Low-speed refraction correction indicator
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Parameters obtained from system interfaces

C = Velocity of light

3.1.1 Computation of Geometrical Signal Transit Time

The inputs needed for the light time algorithm (sec. 3.4) are contained in the
list above. The outputs from the light time algorithm required for use in the
range model are:

Note:

At(p) = Signal delay time for each leg of signal path

For IDOP = 0 : p = 1,2
For IDOP = 1 : p = 1,2,3,4,5
R.,t. = Position (M50 coordinate) of each point on signal path at partic-

ipation time tp

For IDOP 1,2,3

0:p
For IDOP

1 :p 1,2,3,4,5,6

The time tq corresponds to the receiver measurement time tgp. Figures 1
and 2 show the signal path geometry for direct and relay tracking. Sec-
tion 3.4.2 gives a summary definition of the participating point indexes
used here.

Compute the geometrical total signal path length (uncorrected for refraction):

0:p=1,2

. For IDOP
S’ = CLAt(p)

For IDOP

1,2,3,4

1 ¢p

3.1.2 Application of Refraction Correction

Inputs (in addition to those given in the above list) required for the range re-
fraction correction (sec. 3.5.1) are computed as follows:

H(REC) = Ry - Ry ; IDOP = 0,1
tREC = 9

Receiver leg range vector (M50 coordinate) and associated time.

(Note: This vector is defined to point along the negative of the
forward signal path.
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1]
O
£
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w

.= _ _ For IDOP
(TXM) = Ry,_q - Rp ;
For IDOP

H
—
[
]
U

trxm = TL

Transmitter leg range vector (M50 coordinate) and associated time.

The outputs from the range refraction correction model (sec. 3.5.1) are as
follows:

ap(REC) = receiver leg range correction

ap(TXM) transmitter leg range correction

The total (refraction cofrected) range is
S ="+ [sp(REC) + 8p(TXM)]

FOR IDOP 0, this is the final form of the computed range measurement.

For IDOP =v1, a further adjustment for range ambiguity must be made so that the
computed relay range can be compared to the measured range. This additional
computation is given below.

3.1.3 Relay Rangé Ambiguity Adjustment

For IDOP = 1 only, eompute the ambiguous range S,. Specifically, in terms of ON
code length, Sy = S modulo (PN code length in distance units).

S) = S MOD(AR)

(Note: The PN code length AR is assumed to be in internal distance units.)

Using the range observation, Gryg @ reasonableness test is now made to resolve
any uncertainty concerning the total number of ambiguity intervals in the total
signal path range.

If |Gpyg - Sal > Agp/2 recompute 3 as:

CrNG = Sa AR

S =Sy + m—
|Ryg - Sal
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Otherwise: S = Sy

3.1.4 Residual Computation

The range residual D(S) is computed from:

D(S) = Gpyg - S

3.2 DOPPLER MEASUREMENT MODELS

Two general forms of the Doppler measurement model will be given:

a. Direct Doppler measurement (IDOP = 0); direct Doppler data includes two-way
and three-way S-band measurements.

b. Relay Doppler measurement (IDOP = 1); relay Doppler data include two-way/three-
way and hybrid relay measurements for both S-band and Ku-band frequencies.

In both cases, the computed Doppler measurement is the average frequency shift

in a transmitted reference signal, corrected for tropospheric refraction (on

the signal-path legs between ground stations and space vehicle) and any known
bias. In the case of relay Doppler, an additional term due to the frequency
shift in the pilot tone signal at the receiver is added so that the computed mea-
surement will be comparable to the radar observation.

The differenced-range form of the Doppler measurement model is used for all cases.
This means that light time solutions must be obtained for both the "start" and
"end" times of the receiver count interval. Because Doppler observations in a
given data batch are (for the most part) contiguous, computations for the end
time of one count interval (measurement) will often be valid for the start time
of the next count interval.

Signal-path configurations for direct and relay Doppler measurements are shown
in figures 1 and 2. A summary table that defines each of the participating
points along the signal path and the point index notation convention is given in
section 3.4.

Input parameters required for the Doppler measurement models are listed as
follows: .

IDOP = Flag that defines tracking configuration
0 = direct tracking: 1 = relay tracking

tRr = Doppler measurement time (corresponds to end time of measurement
count interval)

T = Count interval (averaging time of measurement)
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Vyx = Reference frequency; for direct tracking, Vyy 1is the transmitter
frequency; for relay tracking, vyy 1is the target vehicle (user
spacecraft) transmit frequency unger zero-Doppler conditions.

K = Doppler frequency model multiplier;
For direct tracking (S-band), K is the composite of the target vehi-
cle transponder multiplier and the Doppler extractor multiplier
(nominal value is 1000 x 240/221). For relay tracking, K is the
Doppler extractor multiplier (nominal values are 1000 for S-band and
100 for Ku-band).

W3 = Offset frequency in Doppler extractor (nominal value is 240 mHz)

(pr)= Return link TDRS translation frequency; (sometimes called return link
pilot tone bias frequency)

bD = Relay Doppler measurement bias from current estimate of state vector
Inputs required for light time algorithm; these parameters are defined in
detail in section 3.4. They are summarized here for reference as follows:
(XR, rers Zgr» $pr) = receiver location parameters
(Ax» rgx» Zgg, $py) = transmitter location parameters
EPH (I) = nine-point ephemeris tables (I = 1,2,3)

Inputs required for refraction correction model; these parameters are defined
in detail in section 3.5 and are summarized here for reference.

Refraction modulus at receiver

-4
vl
2]

Scale height for receiver

j=»]
=
n

Ny = Refraction modulus at transmitter
Hy = Scale height for transmitter
REFIND = Low-speed refraction correction indicator.

Parameters obtained from system interfaces

C = Velocity of light

Gpop = Doppler measurement
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3.2.1 Computation of Signal Delay Times at Start and End of Count Interval

The light time algorithm (sec. 3.4) must be exercised for both start and end
times of the count interval. These times at the receiver are:

:’t1(e) = tg  (End time of receiver count interval)
t1(s) = tg - T (Start‘time of receiver count interval)
Each of these times (along with IDOP, station parameters, and ephemeris parame-
ters listed above) are provided to the light time algorithm. The two sets of

outputs, corresponding to the start and end times of the receiver count interval
(indicated by superscripts (s) and (e)) are as follows:

"

At (s) (p) ; At(e)~(p). signal delay times for each signal leg

For IDOP = 0 : p 1,2

1,2,3,4,5

For IDOP = 1 : p

ﬁp(s),tp(s) ; Rp(e),tp(e) = position (M50 coordinates) and epoch of each
point on signal path at participation times
For IDOP = 0 : p = 1,2,3

For IDOP = 1 : p = 1,2,3,4,5,6

Note: For a given data batch, the light time algorithm outputs generated from
t1(e) = (end time of current measurement count interval) should be saved.
Very often, the start time of the next measurement count interval will be
this same time, in which case an entire light time computation cycle
can be eliminated.

3.2.2 Basic (Uncorrected) Differenced-Range Doppler Models

The Doppler models, before correction for refraction and bias are coﬁputed as
follows.

a. Direct tracking (IDOP = 0)

Kwv 2
. TNX p; [a6€e) (p) - Atls) (p)]
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Note: For three-way direct tracking (incoherent), a term

+ K (\)Nx - \)NR)

is often included in the equation for f'. This term accounts for the
possibility of a different reference frequency, yyNg, in the Doppler ex-
tractor at the receiver. Because three-way direct tracking configura-~
tions are set up so that nominally yyp = vyg, this term is not included,
and any difference between the two frequencies will be accounted for in
the bias correction processor (BCP). If it were desired to include this
term in the program mechanization, an addltlonal frequency vyg must be
provided as an input.

b. Relay tracking (IDOP = 1)

y

K
£' = wg - VNX @t(e)(p) - At(S)(pﬂ
. § : A
p=1

K (bF,)
-——B— [at(e)(5) - atls)(5) + acled(n) - ag(s)(n)

3.2.3 Application of Refraction and Bias Corrections

Inputs (in addition to those given in the above list) required for the Doppler
refraction correction (sec. 3.5.2) are computed as follows:

*(s) . (8)  —(s)
oREC -~ Ro - Ry ; IDOP = 0,1

(s) (s)
trec = b1

Receiver leg range vector (M50 coordinate) and associated time for
start time of count interval. (Note that the positive sense is
along the negative of the forward signal path.)
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o) L w® _w®; moe = 0,1

(e} (e)
trec = 4

Receiver leg range vector (M50 coordinate) for end time of count
‘interval. (Note that the positive sense is along the negative
of the forward signal path.)

]
Q
[
]
w

i"

*s) _ _(s) _(s). For IDOP
Ppym = Ry~1 ~ Ry 3
For IDOP

1]
N
-
L]
Ut

(s)
trxm L

(s)

Transmitter leg range vector (M50 coordinate) and associated time
for start time of count interval.

*(e) _ E(e) g(e) For IDOP = 0 : L = 3
TRy =80
T L-1 For IDOP =1 : L = 5
(e) _ (e)
trym Tt

Transmitter leg range vector (M50 coordinate) and associated time
for start time of count interval.

+(s) _ —(s) —(s)

PpTr © R . Rg ; IDOP = 1 only
(s) (s)

tprr = b

Receiver to TDRS-2 range vector (M50 coordinate) and associated time
for start time of count interval.

+ o ——
péi'l)' = Rée)— Rée) ; IDOP = 1 only

(e) (e)
Epr = tg

10
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Receiver to TDRS~2 range vector (M50 coordinate) and associated
time for start time of count interval.

The outputs from the Doppler refraction correction (sec. 3.5.2) are as follows:

GD(S)(REC) , ap(e)(REC) = Range corrections for receiver leg corre-
sponding to start and end times of count
interval.

69(3)(TXM) , 5p(e)(TXM) = Range corrections for transmitter leg
corresponding to start and end times of
count interval.

80(8)(pLT) , 8p(€)(PLT) = Range corrections for pilot tone leg
(receiver to TDRS-2) corresponding to start
and end times of count interval. (These
outputs apply for IDOP = 1 only.)

The Doppler measurement models, corrected for refraction and bias, are given by
the following:

For IDOP = O :

TC

[§D<e)(REC) - Gp(s)(REC) + Spfed(mxm) - GQ(S)(TXM)]

For IDOP = 1 :

f = f!

K v
- lgx [8p(e) (REC) - Sp(s)(REC) + Sp(e)(TXM) - 80(s) (Txm)]

K (bF.)
- "'r_cp [Sp(e)(PLT) - 8p(8)(pLT) + Sp(e)(REC) - 60(5)(REC)]

+ bp

Note: The units of the computed Doppler measurement will be the same as the in-

ternal units of the frequencies Vyyx, (bFp), and bp. The internal units
of these parameters are expected to be Hz.

1
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3.2.4 Residual Computation

The Doppler residual D(f) is computed from:
D(f) = GDOP -r

3.3 ANGLE MEASUREMENT MODELS

Anglé measurements apply only to direct tracking (IDOP = 0). The three types
of angle measurement sets considered here are as follows:

a. A,E = Azimuth and elevation angles _
(see figure 3‘for applicable geometry)

X-Y angles for a north/south antenna mount
(see figure U for applicable geometry)

b. Xy/s» Yyy/s

X-Y angles for an east/west antenna mount
(see figure 5 for applicable geometry)

c. ZXgsyur Ypow

Angle measurements apply only to receiver leg of &he signal path (fig. 1),

and are computed from the relative range vector ((REC) = Rp - Ry, which corre-
sponds to the receiver measurement time tgy. The equations used to compute
p(REC) are identical for all three angle measurement sets and are also the same
as tgose used to compute p(REC) in the range measurement model (sec. 3.1)

and p(e)(REC) in the Doppler measurement model (sec. 3.2). (As mentioned

in section 3.0, signal delay times and relative range vectors for receiver

time tg are valid for all of the data types that have tg as their receiver
measurement time.) ,

The general computation procedure for each of the angle measurement sets is:

a. Use output from light time algorithm (sec. 3.4) to construect the receiver
leg range vector, 3(REC) in M50 coordinates.

b. Rotate B(REC) to station-centered ENU topodetic coordinates (use transforma-
tion of section 3.6).

c. Use ENU components &,n,z to compute the uncorrected angle measurements.
d. !Usevelévation réfraction correction model (sec. 3.5.3) to compute eleva-'
‘ tion correction &8E. Use &8E to compute the refraction corrections for the

angle measurements.

Input parameters required for the angle measurement models are listed as
follows:

IDOP = 0 , Direct tracking only

tr = Receiver measurement time

12
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GANG1, GANG2 = Angle observations
Gang1 corresponds to azimuth or an X angle
Gange corresponds to elevation or a Y angle
Inputs required for light time algorithm

These parameters are defined in detail in section 3.4. They are summarized
here for reference:

(AR»TGR'ZGR'¢DR) = Receiver location parameters

(XX’”GX’ZGX’dDX) = Transmitter location parameters

EPH(I) = Nine-point ephemeris tables (I ; 1,2,3)
Inputs fequired for refraction correction model

These (station characteristics) parameters are defined in detail in section 3,5.
They are summarized for reference as follows:

NR = Refraction modulus at receiver

= Scale height for receiver

]
o]
1

Ny = Scale height for transmitter

= Scale height for transmitter

=]
P
i

REFIND = Low-speed refraction correction indicator

Parameters obtained from system interfaces
C = Velocity of light

3.3.1 A,E Angle Measurement Models

Many of the steps in this computational procedure are identical to those used

for the two X-Y angle models, and the procedure for computation of the elevation
angle, E, is used in all of the refraction correction models of section 3.5. For
these reasons, the steps in this computational procedure are numbered (1), (2),
etc., so that they may be referenced in subsequent sections.

The computational procedure is as follows:

(1) Provide IDOP, tg, and the inputs listed above to the light time algorithm
(sec. 3.4) and obtain the outputs:

13
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At(p) ; (p
§b,tp s (p = 1,2) = Position (M50 coordinate) and epoch of each point on
signal path

1) = Signal delay times

(2) Compute the receiver leg range vector.

4 — —

P(REC) = Ry - Ry

tREC = U1

-3
(3) Rotate P(REC) to ENU-topedetic coordinates.using the procedure of section
3.6, and obtain the ENU components: '
(£,n,5) = ENU-topodetic components of receiver leg range vector,
- o

P(REC)

(4) Compute (uncorrected) elevation angle:
- -1 _E_ te T
E' = SIN [p], E [0,2]

p= (B2 4m2 4212

(5) Compute azimuth angle:

A= Tl &
n

A e [b,2n], i.e., negative angles not allowed
(6) Provide E', At(1), and the station characteristics parameters listed
above to the elevation refraction correction model (sec. 3.5.3.1)
and obtain the following:

. 8E = elevation refraction correction

(7) Compute the corrected A,E angles: -

E = E'" + 8E

A

A (no correction required)
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(8) Compute residuals

D(A) = GANGT - A

Ir IDI > T : recompute as
Gang2 - E

D(E)
D* D - 27 SIGN(D)

3.3.2 XN/S,YN/S Angle Measurement Models

The computational procedure is as follows:

a. Perform steps (1) through (4) of section 3.3.1 to obtain the following:
At(1) = Receiver leg delay time
E!' = Elevation angle (uncorrected)

(£,n,z) = receiver leg range vector components in ENU-
topedetic coordinates.

b. Compute (uncorrected) angles
X'N/s = TANTT [-E—]

X'N/S € [O, 2ﬂ]

(i.e., if arc tangent yields a negative angle, add 2m)

Y'n/s = SN [%}] , 0= (B2 4 n2 4 gH¥2

1]
Y N/s € [o,en]
(i.e., if arc sine yields a negative angle, add 27)
¢c. Provide E', At(1), and the station characteristics parameters listed
above to the elevation refraction correction model (sec. 3.5.3) and

obtain the following:

8E = elevation refraction correction

d. Compute the Xy,g3,Yyss refraction corrections:

£ p2 SE i -SIN Xy/s SE

GX = - = =
N/S
(82 4+ m2y172 (g2 , £2) cos Yyss [1 - cos@xys cos? yyss] V2

15
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necg o€ -COS Xpy/s SIN Yy/g SE
(22 + ) 172 (% + u2)1/2 [1 - €082 X/ c0S2 YN/s] 1/2

8YyN/s = -

Compute the corrected Xy/g,YyN/s angles:

1
XN/s = Xnys + 8&nys

1
Yynss + 8Yn/s

n/s

Compute residuals

D(Xn/s) GanG1 - XN/Sl

If |D| > n : recompute as D+ D - 27 SIGN (D)
D(Yy/s)

Gang2 - YN/S$

3.3.3 XE/w,YE/w Angle Measurement Models

This computation is virtually the same as in the previous section; only the
forms of the equations for the computed angles and their refraction corrections
are changed. The computation procedure is as follows:

a.

Perform steps (1) through (4) of section 3.3.1 to obtain the following:
At (1) = Receiver leg delay time
E' = Elevation angle (uncorrected)

(E,n,r) = Receiver range vector components in ENU-topodetic coordinates
Compute (uncorrected) angles
. —
Xg,y = TAN-! [%}1

Xgy e [§’2ﬂ]

(i.e., if arc tangent yield a negative angle, add 27)

' £
Yg/y = SINT! [-5-] ;b= [E2en? e 2] 12

16
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. ]
Yy e [021]
(i.e., if arc sine yields a negative angle, add 27)
¢. Provide E', At(1), and the station characteristics parameters listed above
to the elevation refraction correction model (sec. 3.5.3) and obtain:

8E = Elevation refraction correction

d. Compute the Xg/wr)Igsy refraction corrections as follows:

X = 0 o° &E ) -SIN Xg/y OF
E/W = « =
(82 + 1) V2 (0% + £2)  cos Yrsy [1-c0S? Xg/y COS? tE/m]"/2
E ¢ & -COS Xgsy SIN Yg,y OF
SYE/w = =

(82 + 0212 (2 + ¢2)1/2 10082 Xg/y COS Ygy] 172

e. Compute the corrected Xp/wIg/w angles:

i

t
Xg/w = Xg/m *+ S¥gsy

1
Yg/w = Yeom + SYEsy

f.  Compute residuals

D(Xg/y) = GANGT - XE/WI
Ir ]D] > 1 ¢ recompute as D » D~ 21 SIGN(D)

D(Yg /)

Gang2 - YE/wj

3.4 LIGHT TIME ALGORITHM

The light time algorithm computes the time required for an electromagnetic signal
to traverse the distance between two points in the signal-path configuration
(i.e., the positions of the two participants at their times of participation).
The light time problem is solved by using an iterative technique to compute the
required times, positions, and velocities for the participants in each of the
signal-path segments. The light time algorithm is applied successively to each
leg of the signal path, beginning with the last leg, where the receiver time, po-
sition, and velocity are known.

17
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The direct tracking data configuration (fig. 1) provides the simplest example of
the light time problem solution. In this tracking configuration, a signal is
sent from a ground transmitter at time t3; it is received and retransmitted
from the spacecraft at time t,, and is subsequently received at a ground
receiving station at time tg. Starting with the known reception time tg, the
light time equation is solved by an iterative technique for the signal-path seg-
ment from the spacecraft to the receiving station (this path segment is
sometimes referred to as the receiver leg). This provides the time of participa-
tion of the spacecraft t,. Given to, the light time equation is solved iter-—
atively for the signal-path segment from the spacecraft to the ground trans-
mitting station (this path segment is sometimes referred to as the transmitter
leg). This provides the time of participation of the ground transmitter t3.
The position vectors of the various participating elements at their time of par-
ticipation are output by the light time algorithm as a by-product of the itera-
tion procedure. ‘

The same techniques and procedures are used for the relay data configuration
(fig. 2) .but are more complicated in that five signal-path segments are involved.

The light time algorithm requires the actual data measurement time tpg, station
characteristics information for each of the participating ground stations, the
appropriate spacecraft ephemerides, and a tracking data configuration flag. All
output vectors are referenced to the Aries mean-of-1950 (M50) Cartesian coordi-
nate system.

a. Signal path configurations

The light time algorithm is capable of processing direct (two-way and three-way)
and relayed (two-way/three-way and hybrid) data. These four configurations can
be reduced to two by implementing the assumption that (1) both the receiver and
the transmitter parameters shall be addressed even if they are the same, and (2)
both TDRS ephemerides shall be addressed even if they are the same.

In the relay tracking configuration, the light time algorithm computes the sig-
nal times for each of the normal four signal-path legs (fig. 2); however, the
TDRS system requires that an extra "fifth leg" light time be computed. (This
extra fifth leg corresponds to the pilot tone signal that is sent from the
receiver (point 6 in signal path of figure 2) to the return-link TDRS (point 2
on the signal path of figure 2) and is subsequently returned to the receiver at
normal data receive time tg.)

The two tracking configurations (direct and relay) are presented in figures 1
and 2.

18




78FM30:XI

The indexes p used for the participating points along the signal path and the
applicable ephemeris EPH (I) are defined in the following table:

!

1 1 1
!Tracking ! ! Participating point index !
fconfiguration ! IDOP ! ! ! ! B ! !
! ! ! 1t 2 '3 ! y t 5 ! 6 !
! ! i ! ! ! ! ! !
! ! ! ! ! ! ! ! !
{Direct ! 0 ! REC ! VEH 1! TXM ! ! ! !
! ! ! ! ! ! ! ! !
! ! ! ! EPH(1)! ! ! ! !
! ! ! ! ! ! ! ! !
! ! ! ! ! ! ! ! !
'Relay ! 1 ! REC !TDRS-2 ! VEH t TDRS-1! TXM ! REC !
! i ! i ! ! ! {for !
! ! ! ! EPH(2)! EPH(2)! EPH(3)! ! pilot!
! ! ! ! ! ! ! ! tone)!
! i i i

! ! ! ! !

Note: For relay tracking, there are always two TDRS ephemerides; in the case
of two-way relay tracking, EPH(1) and EPH(3) are the same.

b. Input parameters required for light time algorithm
IDOP ; Flag that identifies tracking configuration
0 = direct, 1 = relay
tp = Measurement time at receiver

(XR’PGR’ZGR’¢DR) = Receiver coordinates

A = longitude east of Greenwich

rq = distance from Earth polar axis
Zgz = distance above equator

¢p = geodetic latitude

(Ax,rgx,Zgx>9px) = Transmitter coordinates

EPH(I) = Nine-point ephemeris tables (roughly centered at tg) that
contain time, position (M50 coordinate), and velocity (M50
coordinate) of the orbiting satellites indicated by the
index (I).
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For IDOP =0 :

EPH(1) = target vehicle ephemeris
tables for I = 2,3 are blank

For IDOP = 1

EPH(1) = TDRS-2 ephemeris

EPH(2) = target vehicle ephemeris

EPH(3) TDRS~1 ephemeris

Parameters obtained from system interfaces:

W = Mean sidereal Earth rate

c

Velocity of light

[?Nﬂ Matrix that transforms from M50 coordinates to TEI cogrdinates

at the requested time of interest.

3.4.1 Receiver Position Computation

The receiver position vector §1 {in M50 coordinates) is computed at the receive
time tg. The coordinate systems and transformations used here are defined in
volume XIV of these requirements.
From the receiver parameters (XR»PGR’ZGR»¢DR)’ compute the receiver position
3
Prec 1in TEI coordinates:
rgreos  (Ag + W tg)
3>
PrecCPR) = |[rgg sin (Ag + W tg)
ZgR

-3

Rotate Rppe to M50 coordinates, using the [RNP] matrix for time tg.
> -+
Ry(tg) = [RNe] T Prec(tp)

3.4.2 Computation of Signal Delay Times

These computations are essentially the same for both direct and relay tracking.
The signal times At{p) for each leg of the signal path (beginning with p = 1,
where the receiver time tp is known) are computed via the iterative procedure
defined in section 3.4.3. Except for the final (transmitter) leg of the signal
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path, M50 coordinates are used. For this final leg, the transmitter position is
computed in TEI coordinates, and the signal time itself is computed using these

coordinates. For relay tracking (IDOP = 1), an additional delay time At(5) 1is

computed (this is the time associated with the transmitted pilot tone signal
from the receiver to TDRS-2).

a. Computation of At(p) for all but final signal legs:
For direct tracking (IDOP = 0), compute At(1):
(1) Interpolate the values of the components of §é(tR) from EPH(1)

(2) 1Initialize the iterative computation of section 3.4.3 with

ty = tgs R(0) = ﬁé(tR), ﬁA = §1(tR) and obﬁain:
At (1) = Signal delay time »
t> = tg - At(1), Time of vehicle participation
Ro(ty) = Position of vehicle at time t
For relay tracking (IDOP = 1), compute At(1), At(2), At(3): The following pro-
cedure is applied successively for p = 1,2,3 using the results from the previ-

ous computation to initialize the current computation. (This procedure will be
recognized as the generalization of that given above for direct tracking.)

Compute the following for p = 1,2,3.
Initial values: tq = tg , Ry(tq) = Ry
(1) 1Interpolate §P+1(tp) from EPH(p)
(2) Ihitialize the iterative computation of section 3.1.6 with
ty = tp, R(0) = §b+1(tp), EA = ﬁp(tp) and obtain
At(P) = signal delay time

tp+1 = time of participation of point p+1

Ry,1(tps1) = position (M50 coordinate) of point p+1 at partici-
pation time

b. Computation of At for Ffinal signal leg:

This computation is the same for both direct and relay tracking with this un-
derstanding in the equations that follow.
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For direct tracking (IDOP = 0) : m = 2

'For relay tracking (IDOP = 1) : m = U

(1) Compute transmitter position Pg (in TEI coordinates) at time ty-
Use the transmitter parameters ¥§X’PGX’ZGX’¢DX) to obtain

rgx cos (Ax + w tp)
FTXM(tm) = I"GX sin (XX + 0 tm)

Zax

(2) Rotate the M50 position vector Rp(t,) to TEI coordinates;
use [hNP] matrix for time tm.

Pp(tp) = [RNP] T Rp(tp)
(3) Initialize the iterative computation of section 3.4.3 with

ty = tyg, R(O) = Prgm(ty), Ry = Pp(ty) and obtain the following:
At(m+1) = Signal delay time for transmitter leg
ty+1 = Time of participation of point m=1 (transmitter)

§ﬁ+1(tm+1) = Position (TEL coordinate) of point m+1 at time tp 4

(4) Rotate transmitter position, §ﬁ+1(tm+1) to M50 coordinates

Ry, (tper) = Emﬂ Pret(tmet)

c. Computation of At(5) for relay tracking:

For relay tracking (IDOP = 1) cases only, the pilot tone delay time At(5) 1is
computed using the same procedure as defined above for the final signal leg.
Recall that ¢,, Ro(t5) and PREC(tR) have already been computed. (For conven-
ience, set p = 5 for use in the iterative computation of section 3.4.3.)

22




T8FM30:XI

(1) Rotate the M50 position vector ﬁé(tz) to TEI coordinates; use [FNE]
matrix for time to.

Eé(tg) = RNP T Eé(tg)

(2) 1Initialize the iterative computation of section 3.4.3 with

ty = to, R(0) = Pgpe(tR),Ry = P,(t,) and obtain the following:

" At(5) = Signal delay time
tg = Time of participation of receiver for pilot tone transmit

' 56(t6) = Position (TEI coordinates) of receiver at time tg
(3) Rotate the position vector Eé(t6) to M50 coordinates
Rg(tg) = [RNP] Pgltg)

Computation of target vehicle velocity (M50 coordinates) at vehicle participa-
tion time:

The position and velocity of the target vehicle, at vehicle participation, will
be required for later computations. The vehicle positions have already been
obtained; they are ‘

1]
o

Ro(tp) for IDOP

1]
o

R3(t3) for IDOP

The appropriate ephemeris is interpolated to obtain the corresponding velocities

For IDOP

w

0 : Interpolate EPH(1) at time ty to obtain Va(tp);

For IDOP = 1 : Interpolate EPH(2) at time t3 to obtain V3(t3)

3.4.3 Iterative Computation Procedure

The inputs required to initialize the iterative computation of At are defined
in section 3.4.2 above. The symbols used here (and in section 3.4.2) are

tp = Known time of fixed end point
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ﬁA = Known position of fixed end point (at time tp)
R(0) = Initial estimate of "unknown" end-point position

-IDOP and p = Flags that indicate the ephemeris (EPH) or station parame-
ters to be used (table 3.4.3-I)

The outputs of the iterative computation are as follows:

At = Signal delay time

t =ty - At

R(t) = Final (converged) solution for unknown end-point position
The computatién procedure depends on whether the unknown end point is an

orbiting satellite or a ground station. The required logical decision can be
made with the aid of table 3.4.3-I.

TABLE 3.4.3-I.- COMPUTATION PROCEDURE

! ] ! ! 1 ] !

! P = P ! 2 ! 3 ! y ! 5 !

! ! i ! ! ! !

! ! ! ! ! ! !

1IDOP = 0 ! EPH(1) ! TXM ! ! ! !

1 ! ! ! ! ! !
! ] ! ! B -1 !

1IDOP = 1 t EPH(1) ! EPH(2) ! EPH(3) ! TXM ! REC !

! ! ! ! ! !

If the combination of "values" of IDOP and p indicate an ephemeris EPH(x),
that ephemeris is to be used in the computations. If a ground station, REC or
TXM, is indicated by table 3.1.6, the indicated "station parameters" are to be
used in the computations.

a. If the unknown end point is an orbiting satellite (table 3.4.3~I indicates
EPH(x)), the following computation procedure is used for the jth iteration.

p(3) = |R(3=1) - RA|
AE(F) = p(§)/C | (C = veloeity of light)

t(J) =ty - AE(J)
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Interpolate R(j), at time t(j), from EPH(x)

Test: If !t(j) - t(j—1)| < 3 x 10-13 HR, or j = 6, cease computation
and set output values as follows:

At = At (j)
t = t(3)
R(t) = R(J)

Otherwise: Repeat computations with Jj*r g+t

If the "unknown" end point is a ground station (table 3.4.3 indicates REC
or TXM), the following computation procedure is used for the jth iteration,

p(3) = [R(3-1) - Ryl
At (3) = e(3)/C
t(3) = ty ~ BE(J)
 Use indicated "station parameters" (A,rg,Zg,¢p), to compute

rg cos [A + W t(j)]
R(j) = | rg sin [X + W t(j)]

Zg

Test: If |t(§) - t(3-1)] < 3x10""3 HR, or j = 6, cease computation
and set output values as follows:

At = At(3)
t = t(J)
R(t) = R(j)

25



T8FM30:XI

3.4.4 OQutputs from Light Time Algorithm

The outputs from the computations of this section are as follows:

a. t(p) = Signal delay times for each leg of signal path.

For IDOP 1,2

0 :p

1

For IDOP = 1 : p = 1,2,3,4,5

b. VQ(tQ) = Velocity (M50 coordinate) of target vehicle at participation time tQ.

For IDOP 0;Q-=2

u

.1 1 Q=3

1

- For IDOP

c. ﬁp(tp),t = Position (M50 coordinates) and epoch of all points on signal
path at participation time tp.

For IDOP

]
o

el
1

1,2,3

For IDOP = 1,2,3,4,5,6

1
k®)
)

Note: The time t1 corresponds to the receiver measurement time tg, which is
an input. See section 3.4 for a summary definition of the participating
point indices for the direct and relay tracking configurations.

3.5 REFRACTION CORRECTION MODELS

The refraction correction models for range, Doppler, and elevation angle measure-

ments are given in this section. The inputs required to exercise each of these

models are provided in the corresponding measurement models (sgc. 3.1, 3.2,
3.3).

A complete list of input parameters for the refraction correction models is as
follows:

a. IDOP = Flag that defines tracking configuration
b. Station characteristics

Ng = Refraction modulus at receiver

Hp = Atmospheric scale height for receiver
Ny = Refraction modulus at transmitter
Hy = Atmospheric scale height for transmitter
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These parameters are stored as average values for each calendar month

of the year. For a differential correction (or residual computation)

for a given data arc, the values of these parameters valid for the anchor
time of that data arc are used for all computations; i.e., it is not
necessary to "switch" values within a data arc that contains oP of the

first day of a month.

Station location parameters

(used for M50 to ENU-topodetic transformation)

(AR’PGR’ZGR’¢DR) Receiver parameters

Transmitter parameters

(Ax»rex»Zaxr$px)
Parameters obtained from system interfaces

C = Velocity of light

R, = Equatorial radius of reference ellipsoid

Inputs for range refraction correction model

(computed in section 3.1)

ERECatREC = Receiver leg range vector (M50 coordinate) and time

Transmitter leg range vector (M50 coordinate) and time

3 t
PTXM® bTxM

Inputs for Doppler refraction correction model

(computed in section 3.2)

+(s) ,(s)

PREC: tREC = Receiver leg range vector (M50 coordinate) and time for
start time of count interval
+(e) , (e) _ \ . . £ d
OREC: EREc = Receiver leg range vector (M50 coordinate) and time for en
, time of count interval
»(s) ,(s) _ . . .
orxms byxym = Transmitter leg range vector (M50 coordinate) and time for

start time of count interval
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3%;34,‘1:%-;34 = Transmitter leg range vector (M50 coordinate) and time for
end time of count interval

Eéi%,téﬁ% = Receiver to TDRS-2 range vector (M50 coordinate) and time
for start time of count interval (IDOP = 1 only)

Eéi%,téﬁ% = Receiver to TDRS-2 range vector (M50 coordinate) and time

for end time of count interval (IDOP = 1 only)
g. Inputs for elevation refraction correction model

(computed in section 3.3)

E' = Geometric elevation angle for receiver leg

At(1) = Signal time for receiver leg

3.5.1 Range Refraction Correction Model

Range refraction corrections for the receiver and transmitter legs are computed
from the following procedure:

a. Rotate the receiver and transmitter range vectors, EREC and gTXM’ to ENU-

topodetic coordinates using the procedure of section 3.6. Obtain the follow-
ing ENU components:

(i,n,t,)REC ENU-topodetic components of B(REC)

I

(£,n>z,)7xM = ENU-topodetic components of o (TXM)

b. Compute the geometrical elevation angles, E'(REC) and E'(TXM), from the ENU
components. FEach of these elevations is given by:

E' = SN’ [-%-:l, 0 = [52 o2+ Cz] 172

(Note: This computation is the same as step (%) of section 3.3.1)

c. Compute the approximate range corrections 8pp(REC) and 8pp(TXM) from the
equations:
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2 N H
Spa(REC) = — - R R -
[sin? E'(REC) + 2 Hg/R, J'/2 + sin E'(REC)
2 Ny H
§pa(TXM) = X X

[sinz E'(TXM) + 2 Hy/Ro|1/2 + sin E'(TXM)

d. Compute the range corrections, &p(REC) and &p(TXM) from:

H
§p(REC) = §pp (REC) . n32 ﬁﬁ [eos B'(REC)] PVR
- A
H
Sp(TXM) = Spp(TXI) 11 - a N2 5’-‘ [cos &' (zxm)] *x
(o]

a = .27x10%, b = 1.4x10°

3.5.2 Doppler Refraction Correction Model

For the differenced-range Doppler models of section 3.1.2, the range refraction
corrections (corresponding to both the "start! and "end" times of the count
interval) are required for each signal leg connected to a ground station.

For direct tracking (IDOP = 0), the procedure of section 3.5.1 (range refraction
model) is applied twice; once for the end time of the count interval, and once
for the start time of the count interval. As in the case of the measurement
models, there are often computations that may be used for the following:

a. The Doppler measurement time try = t1(e) will often be the same as a range
measurement time. The range refraction corrections corresponding to this
time can be used for both the range and Doppler models.

b. For contiguous Doppler measurements, the range refraction corrections for
the start time of a given count interval will be the same as those for the
end time of the previous interval.

For relay tracking (IDOP = 1), the comments above apply, with the additional com-
putation of the range refraction corrections (start and end times) for the pilot
tone signal leg.

The computational procedure is as follows. It is understood that each computa-

tion applies to both the start and end time of the count interval, so that the
superscripts (s) and (e) have been omitted.

29




T8FM30:XI

a. Rotate the input range vectors to ENU-topodetic coordinates using the proce-
dure of section 3.6. Obtain the following sets (for both start and end
times) of ENU components:

(§,n,C)gEc = ENU-topodetic components of E(REC)
(£,n,z)TXM = ENU-topodetic components of B(TXM)
(£,n,2)pLr = ENU-topodetic components of E(PLT)

for IDOP = 1 only

b. Compute the geometrical elevation angles

E' (REC) for start and end times
E' (TXM) for start and end times

E' (PLT) for start and end times (IDOP = 1 only)

Each of these elevations is given by the following:

g SIN,1[J;] o= [?2 - c2] 1/2
0

(Note: - This computation is the same as step (4) of section 3.3.1)

c¢c. Compute the approximate range corrections for start and end times as

follows:
2 Ny H
8pp (REC) = ' R_R '
[sin? E'(REC) + 2 HR/Ro]'/2 + sin E'(REC)
2 Ny H
Spp(TXM = ' X X '
- [5in? E'(TXM) + 2 Hx/Ro] /2 + sin E'(REC)
2 Ng H
8pp(PLT) = R_R

[sin® E'(PLT) + 2 HR/Ry] '/2 + sin E'(PLT)

(for IDOP = 1 only
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d. Compute the range corrections (for start and end times) from:

i
V)
=

H
3/2 R [cos E'(RECH bNR}

§p(REC) = Spp(REC) {1 -
0

H
8p(TXM = 60 (TXM) {1 - any/? 'gz‘ [cos E'(TXM)]bNX}
(o]

1
o
=

H
S0(BLT) = 8pa(PLT) {i 772 == [eos &' (Risc)] X}
o]
(for IDOP = 1 only)

a = .27x108 , b = 1.4x100

The totality of range corrections (with start and end time superscripts re-
stored) used in the Doppler measurement models of section 3.2 are as follows:

§0(8) (REC),80(®) (REC),8p(S) (TXM),8p(8) (TxM),8p(8) (PLT),80(€) (PLT)

3.5.3 Elevation Refraction Correction Model

The elevation refraction correction &E applies directly to A,E angles (sec.
3.3.1). For X,Y angles (sec. 3.3.2 and 3.3.3), the refraction correction
are simple functions of 68E, and are given in these sections.

Recalling that angle measurements apply only to the receiver leg, the comput-
ational requirements are as follows:

a. Compute a empirical factors A,B,C:

2

A =09+ ap Ny
2
2
C=C0+C1NR+C2NR

ag, as, bg, by, by, cg, ¢q, cp, are system parameters
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b. Compute elévation refraction correction:

8E = NR cos E' D + A exp (-B sin E'ﬂ

(1-C) [sin® E' + 2 HR/Rg]"/2 + C sin E'

R
(o]

# {1 - — [(sin? E' & 2HR/R,)1/2 - sin E’]}
o

o = (52 + n2 + C2)1/2

3.6 M50 TO ENU-TOPODETIC TRANSFORMATION

This transformation is used in the OCM angle measurement models and in all of
the refraction correction models. The coordinate systems (and transformation)
are. defined in detail in volume XIV of these requirements. The formal computa-
tion procedure is given here. ' ‘

The inputs required for this transformation (as used by the OCM) are as follows:

a. B,t = relative vector (M50 coordinate) and associated time
.+
b. (A,rg,ZG,¢D) = geodetic coordinates of origin of the vector p

{(ground station coordinates)

longitude east of Greenwich

A =

rg = distance from Earth spin axis
Z; = distance above Earth equator
$D = geodetic latitude

¢. Parameters obtained from system interfaces

®w = Mean sidereal Earth rate

[RNE] = M50 to TEI transformation matrix for time +t.

The computational procedure is as follows:
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a. Construct transformation matrix A, which transforms relative vectors from
TEI to ENU-topodetiec coordinates.

-sin(\A + wt) cos{\ + wt) 0
Dﬂ = |-sin ép cos (A + wt) -sin ¢p sin(A + wt) cos dp

cos ¢p cos (A + wt) cos ¢p sin(h + wt) sin ¢p
-3
b. Compute ENU-topodetic components of p:

€
n| = [&] [Rve] 3

C

4.0 INPUTS TO OCM

The input parameters supplied to the OCM by the user function are listed
below.

Parameter Description

IDOP Flag that defines tracking configuration

0 = direct tracking ; 1 = relay tracking

EPH(I) Nine-point ephemeris tables
For IDOP = 0;
EPH(1) = Target vehicle ephemeris

Others blank

For IDOP = 1:
EPH(1) = TDRS-2 ephemeris
EPH(2) = Target vehicle ephemeris
EPH(3) = TDRS-1 ephemeris
(AR’PGR’ZGR’¢DR) Receiver location parameters
(Agsrgx Zgx, dpx) Transmitter location parameters
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Parameter ; Description

Ngr,Hg Refraction modulus and atmospheric scale height for re-
ceiver

Ny,Hy Refraction modulus and atmospheric scale height for
transmitter

IDT, NR, NX, Flags used for a particular implementation method

SNR,ST,REFIND (appendix A)

Inputs for range measurement models

tR Range measurement time at receiver
Grng Range measurement
Ap Range ambiguity interval (IDOP = 1 only)

Inputs for Doppler measurement models

tr : Doppler measurement time
(end time of Doppler count interval at receiver)

Gpop 7 Doppler measurement

T Doppler count interval

VNX Reference frequency

K Doppler frequency model multiplier

w3 Offset frequency in Doppler extractor

'(pr) Return link TDRS translation frequency (return link

pilot tone frequency)

bp Doppler measurement bias

Inputs for angle measurement models

tr Angle measurement time at receiver
Identifier for A,E = azimuth and elevation

angle measurement

type Xn/ssInyss = angles for N/S antenna mount

Xg/wiYg/yw = angles for E/W antenna mount
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Inputs for angle measurement models

GANG1,GANG2 Angle measurements
Gpngt corresponds to azimuth or an X angle

Gpnge corresponds to elevation or a Y angle

5.0 OUTPUTS FROM.OCM

The output parameters supplied by the OCM to the user are listed as follows:

Parameter - Description

Range measurements

B ,th Position (M50 coordinate) and participation time for
each point signal path

For IDOP = 0 : p = 1,2,3
For IDOP = 1 : p = 1,2,3,4,5
VQ o Velocity (M50 coordinates) of target vehicle at participa-
tion time tQ
At(p) Signal delay times for each signal path leg
For IDOP = 0 : p = 1,2
For IDOP = 1 : p = 1,2,3,4
S Computed range measurement (in internal distance units)
for receiver measurement time tg = t4
D(S) ‘ Range residual = Observed value - Computed value
Parameter bescription
Range measurements
E(1) Receiver leg elevation
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Description

Doppler measurements

() ()

ﬁp(e) tp (8)

ARRAO!

() (py,pt(e) (p)

D(f)

E(1)

Position (M50 coordinate) and participation time for
each point on signal path

Superscript (s): start time of count interval
Superscript (e): end time of count interval

For IDOP

"

1,2,3.

0:p

1,2,3,4,5,6

For IDOP 1 :p

Velocity (MSO(g?ordinat?%)of target vehicle at participa-

tion times tQ and tq
For IDOP = 0 : Q = 2
For IDOP = 1 : Q = 3

Signal delay times for each signal path leg corresponding
to start and end times of count interval

For 1DOP

0:p 1,2

For IDOP

1:p=1,2,3,4,5

Computed Doppler measurement for receiver measurement time
tg = t1'®/ (Units of f are internal frequency units
assumed to be Hz)

" Doppler Residual: Observed value ~ Computed value

Receiver leg elevation
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Parameter Description
Angle measurements
ﬁp,tp Position (M50 coordinate) and participation time for
each point on signal path
p=1,2, (IDOP'= 0 only applies)
72 Velocity (M50 coordinate) of target vehicle at participa-
tion time t, )
At (p) Signal delay times for each signal path leg
p = 1 (IDOP = O only applies)
KT/Dz(E,n,C) Position components (in ENU-topodetic coordinates) of the
receiver leg range vector
02 Square of magnitude of receiver leg range vector
A Transformation matrix for measurement time -ty = t4
(from TEI to ENU-~topodetic)
RNP Transformation matrix for measurement time ¢ty = t4 (from
M50 to TEI)
ALE Computed azimuth and elevation angles for receiver measure-
ment time tp = t1
/s Ins/s Computed X-Y angles (for E/W antenna mount) for receiver
measurement time tp = tq
XE/W’YE/W Computed X-Y angles (for E/W antenna mount) for receiver
measurement time tg = t1
D(A),D(E) Angle Residuals = Observed value - Computed value

D(Xy/s),D(Yy/s)

D(Xg,w) D(Yg/y)

for angle measurement type processed
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6.0 CONSTRAINTS

All computations are performed in double precision.

7.0 SUPPLEMENTARY INFORMATION

The observation computation module may be exercised by either the differential
correction module (DCM) or the residual computation processor (RCP).
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APPENDIX A

FLOW CHARTS FOR OCM MECHANIZATION

The flow charts contained in this appendix present a particular mechanization
of the functional requirements given in the text. They are included only

as an aid to assist in the understanding of the functional requirements.
There is no implication that the mechanization shown is the most efficient
for the real time program,

Partial List of Symbols

The symbols used in the flow charts are generally the same as those used
in the text. The exceptions are noted in the following list.

Parameter ' Definition
DT Flag that specifies data type
=1 Azimuth angle
2 Elevation angle
3 Xy/s angle
y ‘ IyN/s angle
5 Xg/y angle
6 Yg/y angle
7 Range
8 | Doppler
XrpsY¥Tp,Z7p ENU topodetic coordinates

(§,n,z) is used in the test
NRC Indicates the set of receiver parameters:

AR:rqR 2GR RN R HR

NXC Indicates the set of transmitter parameters:

AxraxsZax dpx Ny Hy

Ap AR Refraction corrections (8p,8E used in text)




Parameter

-3
Ry/s

NR
NX
SNR
ST

n

Interface table for the OCM are also contained in this appendix.

Definition

M50 station to vehicle relative vector
-+

(p is used in the text)

Receiver ID

Transmitter ID

Receiver ID from previous call
Measurement time from previous call

n=5for IDOP =1 ;n=3 for IDOP = 0
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! 1 !
t

! DM 1—=2-351 OCM ! INTERFACE TABLE

! ! !
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! ! 1 ]

! DCM parameter ! OCM parameter ! Unit ! Description

! ! ! !

! ! ! !

! (Vol. VII, ! ! !

! table VI) ! (Sec. no.) ! !

! ! ! !

! ! ! ! .

1IDOP t IDOP  (3.1,2,3) t Flag 1 1 = relay 0 = direct

! ! ! !

'EPH(I) { EPH(I) (3.4) ! Int ! Nine-point ephemeris tables

! ! ! : 1

1XA 12X ! Int ! Transmitter location parameter

IXrg ! rgx 1 !

1XZg ! Zgy ( (3.4:5) 1 !

!Xdp ! dpy ! !

! ! ! o

Ir ! Ar !t Int | Receiver location parameter

lrr‘G ! PGR (3-’4.5) ! !

! ! ! !

XN, ! Ny ! Int ! Transmitter refr. modulus and

! t 1 ! scale height

IXHg L Hy (3.5) ! !

! ! ! !

IrN, ! Ny ! Int ! Receiver refr. modulus amd

! ! ! ! scale height

IrHg ! Hg  (3.5) ! !

! ! { !

'ty ! tg  (3.1,2,3) ! Int ! Measurement time at receiver

! ! ! !

1G ! GRNG ! Int ! Measurement value

§ ! GDOP (3.1,2,3)! Hz !

! ! GANG1 ! Int !

! ! GANG2 ! Int !

t ! i 1

1AR !4 (3.1) ! Int ! Range ambiguity interval

! ! ! !

It 't (3.2) ! Int ! Doppler count interval

! ! ! !

1V(NR) ! vy (3.2) ! Hz ! Reference frequency

! ! ! !

1K ! K (3.2) ! Int ! Frequency multiplier

! ! ! !

lwg ! wg (3.2) ! Hz ! Offset frequency in Doppler
! ! !

extractor
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! ! !

! DCM 1-2% 5 1 OCM | INTERFACE TABLE

! ! ! !
!
! DCM parameter OCM -parameter Unit Description
!
!
1 (Vol. VII,
! table VI) (Sec. no.)
!
) :
1BD bp- - (3.2) Hz - ‘Relay Doppler bias (solve-for)
! .
!BFp (pr) (3.2) Hz Return link TDRS translation
! frequency
!
{IDT IDT Flag Measurement type I.D.
INR NR Flag Current receiver I1.D.
INX NX (App. 4) Flag Current transmitter I.D.
!SNR SNR Flag Receiver ID from previous call
IST ST ~Int Measurement time from previous

SR oum PP hum G e Sk Gwe S e e s Cme G W e Smp  Gmm SWS Sam b daw e pam

G G YA s SR Bem e s S g Gk G SwE g P e CEE  Gu U Gm SN eem G S B Gus S G SN pe R S S Gum S fum | S e b ]t G ]

G e S e S ke S wiis A Gl G suh e Gui G s WS Su MM Su M b Gue Gume SR G PN g PN g S e A g PP s | S G Gu g S0 pum Se

ot G G s GES g SN g B g S ae B sl A Gms S e G G SN G S Gae SN e SV g S gam S puis BB s PR Guin ] e D sam e Sume Ge e
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! !
! OCM !
! !

to

!

!

T8FM30:XI:A

>1 DCM ! INTERFACE TABLE

! OCM parameter

DCM parameter

(Sec. no.)

(Sec. no.)

Unit

Deseription

(s)

(3.2)

]

1

!

!

!

]

1

!

!

1

1

1

> ()
e

EVQ (3-1)213)

;

]

1

]

]

1

]

]

!y

v

, 9

]

1

1

18£8

{
!
ey (3.2)

]
1
!
!
IE(1)  (3.5)
1S (3.1)

!
{
I
!
|
1
{
!

I I TN TR

v e sem] sen v ] o e vem

]

(p),t(p)

(App.A)

<'. - - -

x|

(p), t(p)

<

(App.A)

iAt(p) (App.A)

(3.1,2,3)!
!

!

1At (p)
1

!

!
iE(I) (App.A)
!

G(3)

!
1
t

1
!
!
t
!

{App.A)

eSS G SuE G SUE g AR e’ i G G S G B PNE MU G GaE S b P b sun] e v sum S pu b

S sum v sum vem  sus SR Bus VS Gum SuB G s Sum

Int

Int

Int

Int

Int

Int

Int

Int

- s S b o e VB s Sm tum PP g SR g S G CE p S sms G g VD sy SUD GBS ey PUD b G g ou b AP  pemn S omie buo] Gam D s Su buw  Sm

M50 position and epoch of par-
ticipation of each point on
signal path (corresponding to
measurement time, tg)

- M GHE G G e Gam  Gwn i b Sew S P pun

Vehicle velocity (M50) at vehicle!
participation

M50 position and epoch of
participation of each point on
signal path (corresponding to
start time of Doppler count
interval, at receiver tq‘S/ =
tr -T)

Vehicle velocity (M50) at
vehicle participation

- G Qs G SN jun  SUD Sum e SR buw e pum

Signal delay times for each (pth)!
signal-path leg (corresponding !
to measurement time, tg) !

]
Signal delay times for each (pth)!
signal-path leg (corresponding !
to start time of Doppler count
interval)

Elevation angle for ground legs

!
!
!
!
!
Computed range measurement !
!
!
!
!
!
!

A-5
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ocM 122
! !

! !
> 1 'DCM !

!

INTERFACE TABLE

T8FM30:XI:A

to TEI (for angle measurements)

! ! ! !
! OCM parameter ! DCM .parameter ! Unit ! Description
! ! ! !
! ! A !
! (Sec. no.) ! (Sec. no.) ! !
! ! ! !
! ! ! ! :
If  (3.2) 1G(4) ! Hz ! Computed Doppler measurement
! ! | ! !
1A,E (3.3) 1G(1),G(2) ! Int ! Computed angle measurement
! f ! !
Xn/s ¥nzs (3.3)1G(1),G(2) ! Int ! Computed angle measurement
! ! ! !
Yewo¥gw (3.3)1G(1),G(2) (App.A)! Int ! Computed angle measurement
! ! ! !
ID(s) (3.1) ! (App.4) ! Int ! Measurement residuals
! ! B -1 (observed-computed)
! ! ! ! ’
ID(F) (3.2) ! ! !
! ! ! i
ID(A), D(E) ! ! !
! ! ! !
!D(XN/S)’D(YN/S) ! 1 1
! ! ! !
!D(XE/W)’D(YE/W) ! ! f
! (3.3) 1 ! !
! ! ! !
!KT/D = (£,n>z) Rpp(1) (App.A) ! Int ! Receiver leg range vector in
! (3.3) ¢ ! ! ENU-topodetic coordinate (for
! ! ! ! angle measurements)
H ! ! !
!p2 (3.3) !p2 (App.A) ! Int ! Square of magnitude of receiver
! ! , ! ! leg range vector (for angle
! ! 1 ! measurements)
! ! !
![A] (3.3) ! A (App.A) ! Int ! Transformation matrix: From TEI
! ! ! ! to ENU (for angle measurements)
! ! ! !
'[ﬁNﬁ] (3.3) IRNP  (App.A) ! Int ! Transformation matrix: From M50
! ! !
! ! !
{ ! 1
! ! !
! ! !

A-6
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! !
! OCM !

Lo 5y mRAN 1

! !
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INTERFACE TABLE

S e S emw A G S sr G eme S v -

o tm twm e s SmD  tmm  Snm tem  Sum

! ! i
OCM parameter ! RTRAN parameter ! Unit ! Description
! ! !
! ! !
(Sec. no.) ! (Sec. no.) ! !
! ! !
! ! 1 :
t (3.4,5,6) ! ! Int ! Time for which [RNP] is desired
! H i . -
! ! !
! ! !
! ! !
! { !
! ! 1 !
! RTRAN 1-2%—5>1 OCM | INTERFACE TABLE
! ! ! !
v ! ! !
RTRAN parameter ! OCM parameter ! Unit ! Description
i ! !
! ! !
(Sec. no) !  (Sec. no) ! !
! ! !
! ! !
I[RNP]  (3,4,5,6) ! Int ! RNP-matrix for desired time
! ! !
! ! !

e G g S v G Sew SR S e S gun

S Cmm e e pe S Smw b Se  gum
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! System 1-22>1 ocM !
! Param !
! !

T8FM30:XI:A

INTERFACE TABLE

! ! !
System parameter ! OCM parameter ! Unit ! Description

! ! !
! ! f

(Sec. no) ' (Sec. no) ! !
! ! !

S ! B | .

1Ic (3.1,2,3) ! Tnt ! Speed of light
! ! !
W (3.4,5,6) ! Int ! Earth rate (mean sidereal)
! ! !
! ! !
! ! !

A-8
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1 OCM 12
! !

!
:

e
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«———> ! RCP ! INTERFACE TABLE

to TEI (for angle measurements)

! ! ! 1
! OCM parameter ! RCP parameter ! Unit ! Description
! ! ! !
! ! ! !
! (Sec. no.) ! (Sec. no.) ! !
! ! ! !
! ! ! ! .
It (3.2) ! N/A ! Hz ot Computed Doppler measurement
! ! ! ! :
'4,E (3.3) 1 N/A ! Int ! Computed angle measurement
! ! ! !
Xn/soInss (3.3)10 N/A ! Int ! Computed angle measurement
! ! ! !
Xe i ¥gm (3.3 N/A ! Int ! Computed angle measurement
! ! ! ! .
ID(s) (3.1) ! R ! Int ~ ! Measurement residuals
! 1 ! ! (observed-computed)
! ! ! !
1D(F) (3.2) H R 1 !
! ! i !
ID(A), D(E) ! R 3 !
! ! 1 !
!D(XN/S)?D(YN/S) ! R ! !
! ) ! ! 1
!D(XE/W)’D(YE/W) ! R 1 !
! (3.3) ¢ ! '
Iy ! ! !
IRp,p = (B,0,8) 1 N/A ! Int ! Receiver leg range vector in
! (3.3) ! ! ! ENU-topodetic coordinate (for
! ! ! ! angle measurements)
! ! ! !
12 (3.3) ! N/A ! Int ! Square of magnitude of receiver
! ! 1 ! leg range vector (for angle
! ! ! ! measurements)
! ! ! 1
! Eﬂ (3.3) ! N/A ! Int ! Transformation matrix: From TEI
! ! ! ! to ENU (for angle measurements)
! ! | !
![}Né] (3.3) ! N/A ! Int ! Transformation matrix: From M50
! ! !
! ! !
! ! !
! ! !
' ! !

e T T
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! !

!

1
:

2.5 1 RCP Y

!

78FM30:X1:A

INTERFACE TABLE

15 (3.1)

! ! ] !
! OCM parameter ! RCP-parameter ! Unit ! ‘Deseription
! ! , ! !
! ! ! !
! (Sec. no.) ! (Sec. no.) ! !
! ! 1 !
! ! ! !
Ble) (e 3 ’ . |
'R e p € ! R { Int ! M50 position and epoch of par-
! ! : ! ! ticipation of 'each point on
! ! ! ! signal path (corresponding to
! ! 1. ! measurement time, tg)
! ! ! !
!VQ(e)(3.1,2,3) A N/A {-Int 1" Vehicle velocity (M50) at vehicle
! ! ! ! participation
! ! 4 A
L) () | ; ’
'ﬁ 5/ ty s ! i ' Int ! M50 position and epoch of
! ! ! ! participation of each point on
! ! ! ! signal path (corresponding to
! ! ! ! start time of Doppler oo%nt
! ! 1 ! interval, at receiver t1
! f 1 ttg -~ T)
! y 1 '
> (s) . ) . . .
Vg (3.2) 1 N/A ! Int 1 Vehicle velocity (M50) at
! ! ! ! vehicle participation
! ! 1 !
'At(?p) ! N/A { Int ! Signal delay times for each (pth)
i (3.1,2,3)! LI ! signal-path leg (corresponding
! ! ! ! to méasurement time, tgy)
1 1 1 1
0() . .
186°7p)  (3.2) 1 N/A | Int ! Signal delay times for each (pth)l
! ! ! ! signal-path leg (corresponding
! ! ! ! to start time of Doppler count
! ! ! ! interval)
! 1 ! !
1IB(1) (3.5) ! Eg,Ex t Int ! Elevation angle for ground legs
! ! ! !
! ! N/A { Int ! Computed range measurement
! ! ! !
! ! ! !
! ! ! !
! ! ! !
! ! ! !
! ! ! !
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! ! ! !
! RCP ! to >1 OCM ! INTERFACE TABLE
! ! ! !

! ! ! !

! RCP parameter ! OCM parameter ! Unit ! Description

! ! ! !

! ! ! !

1 (Sec. no.) ! (Sec. no.) ! !

! ! ! !

! ! ! !

'IDOP  (3.1) 1 IDOP  (3.1,2,3) ! Flag ! 1 = relay O = direct

! ! i ! :

'EPH(I) (3.1) ! EPH(I) (3.4) { Int ! Nine-point ephemeris tables
! ! LI !

ISCT  (3.1) ! AX ! Int ! Transmitter location parameter
ISCT (3.1) ! rgx ! !

ISCT  (3.1) ! Zgy ( (3.4.5) 1 3

ISCT  (3.1) ! dpy ! !

! ! ! !

1SCT  (3.1) ! Ar . ! Int ! Receiver location parameter
ISCT  (3.1) ! rqg (3.4.5) ! !

H ! ! !

I1SCT (3.1) ! Ny ! Int ! Transmitter refr. modulus and
! ! ! ! scale height

1SCT (3.1) ! HX (3.5) v !

! ! ! !

I1SCT  (3.1). ! Ng ! Int ! Receiver refr. modulus and
! ! H ! scale height

ISCT  (3.1) ! Hg (3.5) ! !

! ! ! !

T (3.1.1) ! tgp  (3.1,2,3) ! Int ! Measurement time at receiver
! ! ! !

16 (3.1.1) ! GRNG ! Int ! Measurement value

16 (3.1.1) ! GDOP (3.1,2,3)! Hz !

1G (3.1.1) ! GANG1 ! Int !

1G (3.1.1) ! GANG2 ! Int !

! ! ! !

1A (3.1.1) Y Ag  (3.1) ! Int ! Range ambiguity interval

! ! ! !

tt (3.1.1) 1t (3.2) ! Int ! Doppler count interval

! ! ! !

oy (3.1.1) P owyx  (3.2) ! Hz ! Reference frequency

! ! ! !

1K (3.1.1) t X (3.2) ! Int ! Frequency multiplier

! ! ! !

fwg  (3.1.1)  twg (3.2) ! Hz ! Offset frequency in Doppler
! ! ! ! extractor
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! ! ! !
t RCP 1-25 1 OCM ! INTERFACE TABLE
$

RCP parameter OCM parameter Unit Description

(Sec. no.) (Sec. no.)
bp (3.1) bp (3.2) Hz “Relay Doppler bias (solve~-for)
pr (3.1.1). (pr) (3.2) Hz Return link TDRS translation
' frequency
IpT Flag Measurement type I.D.
NR Flag Current receiver I.D.
NX (App. A) Flag Current transmitter I.D.
SNR Flag Receiver ID from previous call -
ST Int Measurement time from previous

1
:
1
H
1
:
!
H
!
H
1
H
!
:
1
:
!
H
1
:
1
:
1
4
1
H
1
:
i
:
1
:
!
:
1
:
!
.
!
.
1
4
1
:
1
:
]
4
1
H
]
:
!
H
{
:
i
:
4
H
]
:
1
:
!
:
|
H
]
:
i
:
]
H
1
H
1
:
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OCH

Y

INITIALIZE ON FIRST PASS ONLY

ST =0, SNR = 0

SAME
0BS. TIME
(57 = tR)

SAME
RECEIVER
{SNR = AR

YES

NO

Y
SAVE TIME AND RECEIVER DATA

ST = to, SNR = R

[

SAVE PREVIOUSLY COMPUTED DATA OF
SIGHAL PATH ASSOCIATED WITH END TIME
OF COUNTING INTERVAL

t'{p) = tlp), R'(p) = R(p), V" =17,
at'(p) = atp), ap'(i) = ap(4)

I

OBTAIN TIME {t), POSITION (R), VELOCITY (W),
AND RANGE (at) ASSOCIATED WITH EACH POINT
AND LEG IN THE OBSERVATION SIGNAL PATH FROM
THE LIGHT TIME ALGORITHM (LTIME)

INPUT:  tp, IDOP, RNP, Agy Feps Zop
Ayp» Taro Zgps EPH(1), EPH(2), EPH{3), C
ouTPUT:  t(p), R(p), V, atlp)

|

COMPUTE VEHICLE POSITION WITH RESPECT TO STATION,
TRANSFORM RESULTING VECOTR FROM M50 TO TOPODETIC,
COMPUTE ELEVATION OF VEHICLE WITH RESPECT TO STATION,

IRPUT: IDOP, n, Aps dpas Ays dpys R(P) t(p)

OUTRUT: Rppyys EC1). o2, WHERE
i1 2RECEIVER), i = 2 (TRANSMITTER),
i = 3 (TONE)

COMPUTE RANGE AND ELEVATION REFRACTION CORRECTIONS
FOR GROUND LEGS IN SIGNAL PATH USING REFRAC

bys €gs Sy Cp)y at(p), E(4), N, c, 100P
OUTPUT:  ap(i), AE(1); =1 RECEIVER)

- 2(TRANSMITTER)
i = 3({TONE)

Page 1 of 3

Figure A-1.- Observation Computation Module (OCM) flow diagram,
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NO AZ/EL DATA

(10T = 1,2)

COMPUTED AZIMUTH AND ELEVATION.
ADJUST COMPUTED VALUE FOR REFRACTION.
(USE AZ/EL)

INPUT: Rro(1)* AE(Y), 1D, o
ouTPUT: E, A {LET 6, = E, A)

COMPUTE NORTH/SOUTH AND EAST/MEST XY
ANGLES . ‘COMPUTE REFRACTION. CORRECTIONS.
ADJUST COMPUTED VALUE FOR REFRACTION.
(USE X/Y}
INPUT: Rppeqye 8E(1), 10T, o
UTPUT: X, ¥ (LET 6 = X,Y)

l

NG RANGE - DATA
(IDT = 7)

YES

COMPUTE TOTAL TIME OF SIGNAL ON SIGNAL PATH
COMPUTE REFRACTION CORRECTION FOR GROUND
LEGS IN SIGNAL PATH.
ADJUST COMPUTED VALUE FOR REFRACTION.
ADJUST COMPUTED OBSERVATION FOR AMBIGUITY.
(USE "RANGE)
TNPUT:  ID0P, At(p), 2o(T}, 2p(2), Ay, €

OUTPUT: S (LET G, = S)

() ©

Page 2 of 3

Figure A~1.- Continued.
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KO DOPPLER

DATA
(107=8)

SET_ERROR
FLAG

COMPUTE START TIME OF DOPPLER- COUNTING INTERVAL.

DETERMINE IF START TIME IS EQUAL TO END TIME OF PREVIOUS DOPPLER OBSERVATION
IF EQUAL, SKIP TO COMPUTE RANGE REFRACTION CORRECTION OF GROUND LEGS,
OTHERWISE, CONTINUE

OBTAIN TIME (t'), POSITION(R'), VELOCITY (V'), AND RANGE (at') ASSOCIATED
WITH EACH POINT AND LEG OF THE SIGNAL PATH CONFIGURATION FOR START TIME
OF COUNTING INTERVAL FROM LTIME.

COMPUTE TOPODETIC POSITION AND ELEVATION OF VEHICLE WITH RESPECT TO GROUKD
STATIONS USING M50TOP.

COMPUTE REFRACTION CORRECTION OF GROUND LEGS OF SIGNAL PATH USING REFRAC
SET UP TO PROCESS VARIOUS CONFIGURATIONS

COMPUTE RANGE REFRACTION CORRECTIONS

COMPUTE SHORT (PILOT TONE) RANGE

COMPUTE RELAYED DOPPLER MODIFICATION

COMPUTE LONG (ROUND-TRIP) RANGE

COMPUTE DOPPLER FREQUENCY

COMPUTE DOPPLER OBSERVATION

COMPUTE DOPPLER FREQUENCY REFRACTION CORRECTION

ADJUST COMPUTED OBSERVATION FOR REFRACTION USING DOPC

INPUT: t(p), t'{p), v, 1DOP, K, at(p), at'(p), w(NK), uy, by, c, so(i),
ap*(i), NRC, NXC, EPH(1), EPH(2), EPH(3), RNP, ag, be, 10T, (bFp)

ouTPUT: f (LET G, = f)

o
n

COMPUTED OBSERVATION
MEASUREMENT
b=6 - G

i 2
)

ANGLE DATA NO

10T = 1 to6)

YES ACCEPT

RESTDUAL
IDt> =

RANGE DATA
(107 = 7}

ADJUST RESIDUAL FOR PROPER LIMITS

ADJUST RESIDUAL FOR PROPER AMBIGUOUS RANGE LIMIT

D =D ~ 2n SIGN(D)

D=1D- Ay SIGN(D})

{

( RETURN }

Figure A-1.- Concluded.

A-15

Page 3 of 3




THPUTS: épps Ag» $pgr Ax. 100P,
n, R{p), t(p)

SETUP FOR RECEIVER COMPUTATIONS

49 = bppe A A, d =1
i=l,v=2,8=1

Note: n = 3, 100 = 0
5, 100P =1 : TONPUTE. ANGLE BETHEEN BASETIFE
AND- STATION MERIDIAN AT TIME t(s)

SETUP FOR TONE COMPUTATIONS

=g A=A 92, 5= dppe A= A3 =3
v=n-1,s=n, i=#v ' i=5,v=2,5%6

SETUP FOR TRANSMITTER COMPUTATIONS

A=+ at(s)

COMPUTE MATRIX [A] TO TRANSFORM
FROM GREENWICH TRUE SYSTEM TO
ENU TOPODETIC SYSTEM

-sin a* Cos A* 0
-Sin ¢y-Cos A' - §in 4 Sin a* Cos ¢y

Cos 45 Cos A' . Cos ¢ Sin A' Sin ép

{

COMPUTE RELATIVE VEHICLE VECTOR

A=

Ros "R - Ris)

TRANSFORM RELATIVE VEHICLE
VECTOR FROM M50 TO ENU
TOPODETIC SYSTEM

ﬁTD(‘I) = [A][RNP] [Wv/s]

{

= lﬁm(i)l

]

‘COMPUTE -ELEVATION OF VEHICLE
HITH RESPECT 70O GROUND STATION .

£y - siv! [Zppqy/0]

YES

RELAYED DATA
{IDOP =

0P = 1) YES

PRECOMPUTE REPETITIVE -COMPUTATIONS
FOR SUBSEQUENT USE

2 2 2 2
= DpyI° + Thypqny3° + [Zyp(n)?

o= Vot

°

RETURN Page 1 of 1

Figure A-2.- Mean of 1950 to ENU topodetic (M50TOP) transformation flow diagram.
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INPUTS:  Hp, Rpy Hys Ny 10T, (2, b}, (3 3y,

bgs by bas €gs €y €5), at(p), E(1),
n, ¢, IDOP

REFRAC

SETUP FOR RECEIVER COMPUTATIONS

H=HR,N=NR,1=1,j=I

SETUP FOR TRANSMITTER
COMPUTATIONS

SETUP FOR TONE COMPUTATION
- H=H '

H=HX’N=NX'
i=2,3J=n-1

{ANGLE DATA)

123,3=5

(RANGE OR DOPPLER DATA)

COMPUTE ONLY
FOR § =

RJj=1 '

N }

ELEVATION REFRACTION CORRECTION

RANGE REFRACTION CORRECTION

A g+ ag’
B = by + byt + bt?
Cmgyt CIN + czN2
p = cat(d)
SFACT = [SINPE(3) + 2H/Ro]V/2
EXPFAC = 1 - A exp[-B * SIN E{j)]

oy . N* C0S E(j) * EXPFAC
4E(3) U“TT’XJ%‘A‘_*“TWT- SFACT + T SINEQ

* [1 - %"- SFACT - SIN E(j)]

. 2
[SIN%E(3) + %%]‘/2 + SIN E(3)

Ap

30(3) = apy 1 - /% Bqoos £(3))PM
Ro

Note:

Since elevation angle
measurements apply only

to the receiver leg, AE

is computed for j =1 only.

YES SETUP

FOR XMTR COMP
(i=1)

RELAYED DATA o
(ID0P = 1) o

Figure A-3.~ Refraction (REFRAC) computation flow diagram.
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~—— INPUT: ﬁ}o(])’ AE(1), IDT, p

Az =1 TYPE DATA EL = 2
& (1T) ‘

COMPUTE AZIMUTH OBSERVATION COMPUTE ELEVATION OBSERVATION

| AT RECEIVER STATION | AT RECEIVER STATION

- -1 112
COMPUTE REFRACTION CORRECTION COMPUTE REFRACTION CORRECTION

A =0 AE = AE(1)
ADJUST OBSERVATION FOR REFRACTION
[ A = A (NO CORRECTION)
E=E"+ AE
RETURN
Page 1 of 1

Figure A-4.- Azimuth/elevation (AZ/EL) computation flow diagram.
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61~V

N/S(IDT = 3)

X(IDT = 3, 5)

E/W(IDT = 5)

TYPE DATA

Y(IDT = 4, 6)

(IDT)

N/S(IDT = 4)

Y

TYPE DATA
(1IDT)

INPUT: RTD(l), AE(T), IDT, »

E/W(IDT = 6)

Y

COMPUTE NORTH/SOUTH X
OBSERVATION ANGLE

- -1
X' = Tan [XTD(])/ZTD(])]

COMPUTE EAST/WEST X
OBSERVATION ANGLE

Voo -1
X' = Tan [-YTD(1)/ZTD(1)]

COMPUTE NORTH/SOUTH Y
OBSERVATION ANGLE*

COMPUTE EAST/WEST Y
OBSERVATION ANGLE*

f

{

COMPUTE REFRACTION

COMPUTE REFRACTION

COMPUTE REFRACTION

COMPUTE REFRACTION

CORRECTION* CORRECTION* CORRECTION* CORRECTION*
_—'——2‘- —————————————————————
AY = =P XTD(] AE(]) AY = o] YTD(])AE(1) AY = —YTD(T)ZTD(1)AE(1) v = _XTD(])ZTD(1)AE(1)
X272 /X2Y2 Y272 VX212 /X2Y2 vX2iz /X2YZ /Y272
ADJUST COMPUTED OBSERVATION
FOR REFRACTION
2 2 X=X+ aX
*NOTE:  X2¥2 = [Xypeqy1° + D¥qp(py] Y =Y+ aY

1222 = D) 1% + Dpn)T°
V22 = [y py)° + [y 1

RETURN

Figure A-5.~ X and Y (X/Y) angle computation flow diagram.
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INPUT: IDOP, at(p), ap(1),
Ap(Z) s AR’ C

DETERMINE LEGS IN DETERMINE LEGS IN|
SIGNAL PATH ' SIGNAL PATH
=2 2=1

{

COMPUTE TOTAL RANGE OF
SIGNAL ON SIGNAL PATH

'S
sh=c 2 , atp)

p
| COMPUTE RANGE REFRACTION CORRECTION
aY = [ap(1) + 8p(2)]

ADJUST COMPUTED OBSERVATION
FOR REFRACTION

"
S=9S + AS

|

ADJUST COMPUTED OBSERVATION
FOR AMBIGUITY (IF IDOP = 1)

S =S MOD (AR)

RETURN

Page 1 of 1

Figure A-6.- Range computation flow diagram.
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COMPUTE START TIME OF DOPPLER
COUNTING INTERVAL

ts = t(]) -

START
TIME = SAVED END
TIME{ts = t’(‘)]

OBTAIN TIME {t'), POSITION (R'), VELOCITY (V')
AND RANGE (at') ASSOCIATED WITH EACH POINT

IN THE OBSERVATION SIGNAL PATH FOR START

TIME OF COUNTING INTERVAL FROM THE LIGHT

TIME ALGORITHM (LTIME)

INPUT: t_, IDOP, RNP, hp, ree. Zogs Ays
rex» Zgxo EPHOI), EPH(2), EPH(3), ¢

OUTPUT:  t'(p), R'(p), V', at'(p)

COMPUTE THE DIFFERENCE VECTORS BETWEEN THE
VEHICLE AND STATION POSITIONS, TRANSFORM
RESULTING VECTORS FROM M50 TO TOPODETIC,
AND COMPUTE ELEVATIONS OF VEHICLE WITH
RESPECT' TO STATION USING MSOTOP

INPUT: 2, #pps Ays épgs R'P), t'(p), I1DOP, n

OUTPUT: R} Efsys WHERE 1 = 1(RECEIVER)
TD 3 H] 3
() =) 1 = 2(TRANSHITTER),
1 = 3(TONE)

t{p}, t'(p), v, 100P, at(p),
at'(p), v{Ny)s wqs bpa €,

dp(i), ao' (i), EPR(1}, EPH(2),
EPH(3), RNP, do, b, 10T, (bF,),
Ky Ags Teps Zggs bops e Moo
Age Taxe Lo oxe My Ny

COMPUTE RANGE REFRACTION CORRECTION OF
GROUND LEGS IN SIGNAL PATH USING REFRAC

INPUT: At (p), b , E'(i)' a, b, IDT, IDOP,
Hps Nps Hys By

OUTPUT: Ap',,, WHERE 1
o' (1) MHERE 3

i

1{RECEIVED),
2(TRANSMITTER),
3(ToNE)

"onon

Figure A-7,- DOPPLER computation (DOPC) flow diagram.
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o RELAYED DATA YES

' T ] (1oop = 1)~ *
SET UP TO PROCESS DIRECT DATA

SET UP TO PROCESS RELAYED DATA
L =2 =4

COMPUTE RANGE REFRACTION

CORRECTIONS FOR DIRECT DOPPLER

COMPUTE RANGE REFRACTION
CORRECTIONS FOR RELAYED DOPPLER

¥

oy = aa{1) + 8p(2)

o = 8p(1) + 20(2), s, = 8p(1) + 89(5)
o = 20" (1) + ap7(2) dog = 8p"{1) + 807 (2), 2o = 80" (1) + 8p'(5)

{

COMPUTE SHORT (PILOT TONE)
RANGE LIGHT TIMES

At = at(1) + at(5)
atg = at'(1) + at'(5)

f

COMPUTE RELAY DOPPLER
HODIFICATION VALUE (Fm)

K (bFp)

f
m T (Ats - Ats)

f

\

COMPUTE LONG (ROUND-TRIP)
RANGE LIGHT TIMES

3
A =3 at(p)
p=1

%
=X at'(p)
1

f

COMPUTE DOPPLER FREQUENCY

Note: F_ and.ap_ do not Kv
m m Fo (HX) -
appear’ for Direct Data. fo=-— lat - at']- Fy

f

COMPUTE DOPPLER OBSERVATION

* *
f omugtby+s

Y

COMPUTE DOPPLER FREQUENCY
REFRACTION CORRECTION

Kv K(bF )
of = - 0 laop - 2op] - —E= [ - 8]
cr

¢t
* ADJUST COMPUTED OBSERVATION
FOR REFRACTION

*
f=1f +af

\

{ RETURN )

Figure A-7.- Concluded.
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INPUT: XR, rGR, ZGR. XX’_ rGX' ZGX‘
tR’ 1D0P, RNP, EPH(1), EPH(2),
EPH(3), ¢

INITIALIZE

tet,t =t I=1, INTRP = VES

!

AND TIME. STORE IN QUTPUT

DETERMINE RECEIVER POSITION IN M50

A= g g T Tepe Ig < Igg

Al = A+t
r, Cos A'
5 - T G
P.= [RNP] s Sin a'
R(1)=P ZG
t(1) = ¢!
o !

POINT
HAVE EPHEMERIS
(INTRP = YES)

NO

|

DETERMINE PRESENT TRANSMITTER DETERMINE PRESENT VEHICLE POSITION
POSITION IN TEI IN M50 BY INTERPOLATION
= = . ¥'  EPH
: xi, rGt: rexe ZG ZGX INPUT: t', EPH(I)
At w .

o Gos 2 OUTPUT: '
P= e Sin A’

Ig

1

INCREMENT ITERATION COMPUTE SPEED OF LIGHT DELAY
COUNTER AND UPDATE TIME
L=l o= [P -P
tll = tl
At = p/cC
£t - At

TOLERANCE
TEST 13
(Jt"-t'] < 3x10”

)

= YES

Page 1 of 2

Figure A-8.- Light time (LTIME) algorithm flow diagram.
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INCREMENTPOINT "COUNTER, 'INITIALIZE

’ REFERENCE <POSITION-AND TIME FOR NEXT POINT

I'=14+1
TP
to=t!

®on

ARELAYED DATA

| STORE“DATA'-IN- PROPER
“{*OUTPUT-‘LOCATIONS

R =9

t(1) = ¢'
crat(I-1) =at

“EYES USIGNAL

A{100P-=11)

DETERMINE:ORBITER VEHICLE: VELOCITY
BY: INTERPOLATION -FOR ‘DIRECT CONFIG

INPUT: t' ,“EPA(1)
SOUTPUT: Y

“PATH-POINT 2
T =2)

SIGNAL

“PATH ‘POINT 32 Yes

(1 =3)

ves " SIGNAL

PATH POINT 4
(1=-4)

RELAYED DATA
(100P = 1)

NO Lo

| ROTATE VEHICLE POSITION (F) TO
TEI FOR TRANSMITTER ITERATION

“ROTATE “TRANSMITTER POSITION (P)
“TO*M50 FOR OUTPUT ’

P = [RNPIP

SET-INTERPOLATION FLAG FOR
TRANSMITTER "ITERATION

CR(1) = [rNPYT B

STGNAL ™\ No

DETERMINE -ORBITER VEHICLE VELOCITY
BY INTERPOLATION FOR RELAY CONFIG

INPUT: t', EPR(2)
QUTPUT: V

PATH POINT 5
N (I =5)

YES

V

-SET UPREFERENCE "POINTS FOR
TONELEG COMPUTATIONS

INTRP ="NO P-='R(2)
t =t(2)
A= Apsorg = rgpe I ® Zgp
]
/
-~y

‘ RETURN )

/. U.S. GOVERNMENT PRINTING OFFICE: 1979—671-014; 27 42

figure A-8,- Concluded.
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